Cold water immersion (CWI) has become a popular means of enhancing recovery from various forms of exercise. However, there is minimal scientific information on the physiological effects of CWI following cycling in the heat. Purpose: To examine the safety and acute thermoregulatory, cardiovascular, metabolic, endocrine, and inflammatory responses to CWI following cycling in the heat. Methods: Eleven male endurance trained cyclists completed two simulated ~40-min time trials at 34.3 ± 1.1°C. All subjects completed both a CWI trial (11.5°C for 60 s repeated three times) and a control condition (CONT; passive recovery in 24.2 ± 1.8°C) in a randomized cross-over design. Capillary blood samples were assayed for lactate, glucose, pH, and blood gases. Venous blood samples were assayed for catecholamines, cortisol, testosterone, creatine kinase, C-reactive protein, IL-6, and IGF-1 on 7 of the 11 subjects. Heart rate (HR), rectal (T re ), and skin temperatures (T sk ) were measured throughout recovery. Results: CWI elicited a significantly lower HR (CWI: ∆116 ± 9 bpm vs. CONT: ∆106 ± 4 bpm; P = .02), T re (CWI: ∆1.99 ± 0.50°C vs. CONT: ∆1.49 ± 0.50°C; P = .01) and T sk . However, all other measures were not significantly different between conditions. All participants subjectively reported enhanced sensations of recovery following CWI. Conclusion: CWI did not result in hypothermia and can be considered safe following high intensity cycling in the heat, using the above protocol. CWI significantly reduced heart rate and core temperature; however, all other metabolic and endocrine markers were not affected by CWI.
after exercising in hot environments and the physiological and thermoregulatory consequences of this are unclear.
Exercising in hot environments can result in core temperatures above 40°C. 1 CWI is an aggressive form of cooling that can be used to reduce body temperature when an individual is hyperthermic or suffering from heat stress. 2 During wholebody CWI, the large surface area exposed to water results in a conductive heat transfer that is approximately 25 times greater than that of air. 3 Previous research in the area of cooling efficiency during hyperthermia has demonstrated that cooling athletes in various water temperatures (ranging from 2°C to 20°C) results in safe and efficient cooling of hyperthermic individuals. 4 However, the subjects used in many cooling studies are typically nonelite athletes, whose body composition may be vastly different from an athlete. Many athletes who use postexercise cooling strategies are very lean and have little insulation to serve as protection against the low water temperatures. For this reason, it is important to determine if the thermoregulatory effects are greater in lean individuals and whether CWI is safe in such a population.
CWI has been suggested to have a number of acute physiological, metabolic, hormonal, and thermoregulatory responses. The most investigated of these responses is changes in the cardiovascular system, with documented reductions in heart rate, cardiac output, and increases in arterial blood pressure and peripheral resistance. 5 Immersion in cold water also causes a drive to maintain core body temperature, resulting in increased oxygen consumption and local vasoconstriction. 5 Vasoconstriction of peripheral vessels may cause a reduction in fluid entering the interstitial space and may result in reduced inflammation as a consequence of muscle damage. 5 Finally, cold water immersion may be effective in reducing nerve transmission, and analgesia and a reduction in muscle spasm may occur. 6 Therefore, the stretch reflex response and spasticity of the muscle are decreased resulting in a reduction of the pain-spasm cycle. 6 There is a scarcity of information on the acute metabolic and hormonal effects of CWI. An understanding of how the human body responds to CWI after exercise can aid in the determination of the validity of this method for enhancing recovery and its safety in individuals with elevated core temperatures.
The aims of the present investigation were twofold. Firstly, to determine the safety of CWI following exercise in the heat in lean individuals and secondly to examine the acute physiological, perceptual, metabolic, endocrine, and inflammatory responses to CWI following ~40 minutes of high-intensity cycling in the heat.
Methods

Subjects
Eleven endurance-trained cyclists (age: 23.8 ± 1.6 y; V O2peak : 71.3 ± 1.2 mL·kg −1 ·min −1 ; sum of 7 skinfolds: 49.9 ± 2.8 mm; mean ± SD) previously unfamiliar with cold water immersion volunteered to complete the study, which was approved by both the Australian Institute of Sport and the University of Ballarat Human Research Ethics Committees. All subjects provided written informed consent and were free from any known illness, cardiovascular concerns, and Raynaud's disease at the start of the study.
Approach to the Problem and Methodological Design
To examine the physiological and endocrine responses to cold water immersion following maximal exercise in the heat, subjects performed ~40 minutes of cycling in a hot environment, followed by either intermittent exposure to an ~11.5°C bath or passive recovery in a random and counterbalanced order (Figure 1 ).
Exercise Protocol
Subjects were instructed to abstain from intense exercise in the 24-h period before each experimental trial and were asked to record any training that was completed during the study. Subjects were provided with instructions for consuming appropriate amounts of fluid and carbohydrate during the study and were requested to complete a food diary on the day before each experimental trial (L. Burke, dietician, Australian Institute of Sport).
Each subject reported to the laboratory within the 14 days before commencement of the study to complete a progressive exercise test for the determination of maximal aerobic power (MAP). This test was conducted on a Velotron cycle ergometer (Racermate Inc., Seattle, Washington), which was fitted with the individual subject's cycling pedals and shoes. After a 10-minute warm-up at 100 W, the test protocol started at 100 W and increased by 50 W every 5 minutes until volitional exhaustion. If the subject finished part way through a 5-minute stage, MAP was prorated; eg, if a subject finished 2 minutes 30 s into the 300-W stage, their MAP would be [(2.5 min  5 min)  50] + 300 = 325 W.
Also at this time, descriptive measures of body mass, height and body composition were performed. Skinfold measurements were assessed across seven sites (triceps, subscapular, biceps, supraspinale, abdominal, mid-thigh and calf), using calibrated Harpenden skin fold calipers (British Indicators, England) by a Level 2 ISAK accredited anthropometrist.
Subjects completed ~40 minutes of cycling on a calibrated Lode Excalibur Sport cycle ergometer (Groningen, Netherlands) in an environmental chamber maintained at 34.3 ± 1.1°C and 41.2 ± 3.0% relative humidity (RH). The first 20 minutes of the exercise protocol was performed at a fixed workload that corresponded to 74.4 ± 4.1% of predetermined maximal aerobic power. The final ~20 minutes consisted of a time trial whereby subjects were required to complete the same amount of work (343.2 ± 32.4 kJ) as was completed in the fixed component of the time trial as quickly as possible. No warm-down was completed. This protocol was chosen to represent the typical duration of an Olympic cycling time trial event and aimed to induce a significant increase in core temperature. The fixed portion of the protocol was chosen to evaluate the physiological responses to a prior cooling intervention which will be presented elsewhere (M. Quod, unpublished data). 
Cold Water Immersion (CWI) Protocol
The recovery period lasted for a total of 40 minutes. Twenty minutes following the completion of the exercise trial, subjects began the immersion protocol and were monitored for the subsequent 20 minutes. This time frame was chosen as it represents a practical duration for recovery following exercise. Subjects were immersed in 11.5 ± 0.3°C water to the level of the mesosternale in a 1.6 m long  0.6 m wide  0.8 m high inflatable pool (Portacovery, Australia) for 60 s. Temperature was maintained through the addition of ice and water. The water in the bath was not circulated. Each of the three immersions lasted 60 s and were separated by 120 s of seated rest. This protocol was chosen to ensure the subjects could tolerate whole-body immersion at 11.5°C. Further, in a practical setting, intermittent exposure allows a number of athletes to complete the protocol in a relatively short period. Finally, pilot work highlighted the need to submerge the armpits to ensure rapid cooling occurred. The duration of exposure may have been shorter than that of previous research 7 ; however the current study employed whole-body immersion and not just that of single limbs. During the control (CONT) trial, subjects sat passively in the same room as the CWI trial which was maintained at 24.2 ± 1.8°C and 45.6 ± 6.5%RH, with no airflow. During both CWI and CONT subjects wore only cycling shorts. During the 120 s of seated rest in the CWI trial, subjects were allowed to sit with a towel wrapped around their upper body.
Hormonal, Metabolic, and Temperature Measurements
Heart rate, rectal and skin temperatures, lactate, glucose, pH, chloride, potassium, bicarbonate, sodium, PO 2 , and PCO 2 were measured before initial exposure and after each CWI exposure during the recovery period. Testosterone, cortisol, growth hormone (GH), prolactin, adrenaline, noradrenaline, creatine kinase (CK), C-reactive protein (CRP), insulin-like growth factor-1 (IGF-1), and interleukin-6 (IL-6) were measured immediately after exercise and at the end of the recovery period (40 minutes post exercise) in 7 out of 11 subjects. Plasma measures were not made in 4 of the 11 subjects as these subjects were competing in an international event the following day and were unwilling to be cannulated.
Rectal temperature was measured using a disposable rectal probe (Monatherm, Mallinckrodt Medical, St. Louis, MO, USA), which was inserted to at least 12 cm beyond the anal sphincter. Skin temperature probes (YSI 409, Yellow Springs OH, USA) were fixed to the forearm, calf, thigh, chest, and forearm using adhesive tape (Transpore, 3M, St Paul MN, USA) according to previously published methods. 8 Rectal and skin temperatures were recorded from an 8-channel digital thermometer (Zentemp 5000, Zencor Pty Ltd, Australia). Rectal and skin temperatures were then used to calculate the mean skin temperature (T sk ) according to the equation established by Ramanathan 9 and the mean body temperature (T b ) as described by Schmidt and Bruck. 10 T 10 Cooling rates were calculated by determining the change in T re immediately before CWI and immediately after the final immersion and dividing this by the time taken to complete the CWI protocol (7 minutes).
Blood Handling, Storage, and Analyses
Twenty minutes before each of the experimental trials, a 20 gauge Teflon cannula (Surflo, Terumo Corporation, Japan) was inserted into an antecubital vein and attached to a sterile three-way stopcock to allow for blood sampling in 7 of the 11 subjects. Two blood samples were drawn, one immediately upon cessation of exercise and the other at the end of the 40-minute recovery period. A 10-mL venous sample was drawn and divided into two 2-mL tubes prepared with K 3 EDTA and one 6-mL serum separator tube prepared with a clot activator. The K 3 EDTA tubes were immediately centrifuged (4000 rpm, 5 minutes, 4°C), and the serum separator tubes were allowed to clot before being centrifuged. The supernatant from each tube was then transferred to 1.5-mL Eppendorf tubes and frozen at −20°C before shipment and permanent storage at −80°C for later analysis. Fingertip capillary blood samples were collected in 100-L heparinized capillary tubes (Clinitubes, Radiometer Medical, Copenhagen, Denmark) and were immediately analyzed for lactate, glucose, sodium, potassium, chloride, pH, PO 2 , and PCO 2 using a blood-gas analyzer (ABL 700series, Radiometer Medical, Copenhagen, Denmark).
Plasma cortisol and testosterone were assayed by chemiluminescence-competitive immunoassay (Immulite, DPC, USA), which has an interassay coefficient of variation (CV) of 7.6% and 7.7%, respectively. GH, prolactin, IGF-1, IL-6, and CRP were measured by chemiluminescence-immunometric assay (Immulite, DPC, USA), which has an interassay CV of 6.0%, 9.5%, 3.5%, 4.6%, and 10%, respectively. Plasma creatine kinase (CK) activity was determined at 30°C using an enzymatic assay with an interassay coefficient of variation of 1.4% (Roche Diagnostics, Mannheim). Plasma adrenaline and noradrenaline were determined by an enzyme-linked immunosorbent assay (ELISA; IBL, Hamburg, Germany), which has an interassay CV of 13%.
Perceptual Responses
At regular intervals throughout the trials, subjects were asked to rate their perception of thermal comfort according to a 0-to-8 Thermal Sensation Scale as described by Young et al. 11 Following CWI, subjects were given a questionnaire that asked their perception of physical and mental recovery, leg soreness, and general fatigue (on a scale of 1 to 10). Subjects were given the same questionnaire at the same time point in the CONT condition.
Statistical Analysis
A 2  2 repeated measures analysis of variance was performed to determine differences between the treatment and control groups for metabolic and temperature variables. Pairwise comparisons were then performed to determine where differences existed. Pairwise comparisons were performed on hormonal variables, markers of inflammation and perceptual responses. Significance was set at P < .05. Data are presented as mean ± standard deviations.
Results
All subjects completed the exercise protocol with no differences observed between CWI and CONT in time trial performance (CWI: 356 ± 32; CONT: 347 ± 32 kJ), lactate (CWI: 15.2 ± 3.6; CONT: 15.0 ± 3.8 mmol.L −1 ), HR (CWI: 197 ± 9; CONT: 196± 9 bpm), T re (CWI: 39.74 ± 0.51°C; CONT: 39.54 ± 0.42°C), or T sk (CWI: 33.13 ± 1.92°C; CONT: 33.65 ± 1.42°C), indicating a similar physiological state before the interventions (CWI or CONT). As expected, there were significant reductions in T re , T sk , HR, and lactate as a consequence of time following exercise at all time points in both conditions (P < .05). However, CWI resulted in a significantly lower T re than CONT at 40 minutes after exercise, but at no other time point (Figure 2a ; P < .05). There was also a significant difference in HR following CWI when compared with CONT, from 21 minutes post exercise (after initial CWI) through to 40 minutes post exercise (Figure 2b ; P < .05). There were no significant differences in lactate concentrations at any time point between treatments (Figure 2c) .
With the exception of the unsubmerged forehead, all skin temperatures significantly declined over time irrespective of treatment; however, the decline was significantly greater with CWI (P < .05). The significant decrease in skin temperature with CWI occurred primarily during the initial immersion and persisted throughout the 40-minute postexercise period. For comparison, T sk and forehead temperatures are shown in Figure 3a and b.
T sk significantly decreased over time following both treatments from 33.65 ± 1.42°C to 32.45 ± 1.57°C (−3.7%; P < .05) in CONT and 33.13 ± 4.92°C to 27.57 ± 1.94°C (−20.2%; P < .05) in the CWI condition. There was a significant difference between trials following the first CWI exposure and this difference continued throughout the 40-minute postexercise period (P < .05). T b also decreased significantly over time from 38.78 ± 0.48°C to 37.31 ± 0.39°C (−3.8%; P < .05) in CONT and 38.89 ± 0.79°C to 36.43 ± 0.49°C (−6.3%; P < .05) in the CWI condition. Cooling rates were significantly different between CWI and CONT, with a greater cooling rate in the CWI condition (CWI: 0.09 ± 0.03°C/min; CONT: 0.001 ± 0.001°C/min; P < .05).
No significant differences were found between trials in pH, chloride, glucose, bicarbonate, potassium, sodium, or PCO 2 at any time point (Table 1) . However, PO 2 was significantly lower following CWI exposure at 40 minutes post exercise (P < .05; Table 1 ).
Following exercise, plasma CK, IGF-1, testosterone, and GH all significantly declined over time in both treatments (P < .05); however, there was no difference in these variables between treatments. CWI also had no significant effect on plasma CRP, IL-6, or cortisol concentrations. Plasma prolactin concentrations appeared to decrease during the recovery period; however, this was not statistically significant and there was no effect of treatment on prolactin concentration ( Table 2 ). Plasma adrenaline concentrations significantly declined in the 40-minute recovery period; however, there was no effect of CWI on this decline. Plasma noradrenaline remained unchanged after 40 minutes of recovery in both trials.
Thermal comfort for CWI was significantly lower compared with CONT between minutes 21 and 27, with no difference occurring at any other time points (Figure 4 ).
There were significant favorable effects of CWI compared with CONT (rating of physical recovery: CWI: 6.8 ± 1.5; CONT: 6.4 ± 1.7, rating of mental recovery: CWI: 6.7 ± 1.8; CONT: 6.1 ± 1.7, decreased muscle soreness: CWI: 3.8 ± 2.6; CONT: 5.0 ± 2.9 and decreased general fatigue: CWI: 5.3 ± 2.0; CONT: 6.3 ± 2.0). 
Discussion
Cold water immersion has become a popular means of enhancing recovery from various forms of exercise. The rationale behind the usage of cold water immersion is based on empirical evidence supporting the use of cryotherapy for soft tissue injuries 12 as well as the benefits of cold water immersion for reducing core body temperature. Cold water immersion has also become popular among athletes involved in noncontact sports and sports with minimal muscle damage as a consequence of limited eccentric muscle contractions. In these particular sports, rationale has often been based on reducing core temperature, reducing lactate concentrations, and/or positively influencing a variety of hormone concentrations. Subjects in the current study did not demonstrate physiological or thermoregulatory responses that would contraindicate the use of cold water immersion while possessing core temperatures above 39°C. Importantly, while CWI significantly decreased T re , at no time did core temperature decline to a point where the subjects were at risk for hypothermia. Previous research in the area of cooling after hyperthermia examined cooling in circulated water at temperatures of 2°C, 8°C, 14°C, and 20°C for durations of 8.8 ± 4.5, 14.5 ± 5.3, 17.3 ± 4.5 and 18.2 ± 12.9 minutes, respectively. 13 Results of this study demonstrated that cooling individuals to a T re of 38.6°C (for 2°C and 8°C water immersion) and a T re of 37.8°C (for 14°C and 20°C water immersion) will result in the elimination of 100% of the heat gained by the exercise without causing hypothermia. 4 Proulx et al 4 exercised subjects for ~45 minutes and subjects reached an average T re of 39.8°C; in the current study, subjects exercised for ~40 minutes and upon completion of cycling had reached a T re of 39.54 ± 0.42°C (CONT) and 39.74 ± 0.51°C (CWI). The current study, however, had a lower cooling rate than any of those found with the various water temperatures used by Proulx et al 4 (0.35°C/min; 0.19°C/min; 0.15°C/min; and 0.19°C/min for 2°C, 8°C, 14°C, and 20°C, respectively). This difference may be explained by the lower duration of immersion in the current study (total immersion time of 3 min) and due to the fact that the cooling strategy was intermittent. However, the cooling rate of 0.09°C/min is similar to that of Wyndham et al, 14 who cooled hyperthermic subjects (T re 40°C) in a noncirculated 14.4°C water bath. Water circulation displaces the boundary layer of water adjacent the subject's skin, which ensures the temperature gradient between the skin and the water is maintained, resulting in higher cooling rates. This effect may also explain some of the differences between the current study and that of Proulx et al. 4 The objective of cooling in hyperthermic individuals is to reduce body temperature to a safe level as quickly as possible. 13 However, overcooling is also possible, bought about by an "after drop" in core temperature and can result in hypothermia. In an attempt to identify a safe level of cooling, research suggests that cooling individuals to a T re of 38.6°C (for 2°C and 8°C water immersion) and a T re of 37.8°C (for 14°C and 20°C water immersion) will not result in an after drop that may cause hypothermia. 4 Given that the T re of subjects in the current study was 38.25 ± 0.47°C upon completion of the CWI protocol and their T re was 37.75 ± 0.4°C at the end of the entire recovery period, it can be suggested that the CWI protocol employed did not result in hypothermia and can be considered safe for these individuals.
The magnitude of the physiological response to cold water immersion depends on numerous factors including the duration of exposure, water temperature, water circulation, body movement, body size, body fat levels, whether the individual's face is submerged, and the presence or absence of clothing. 15 The results of the current study show an immediate decrease in heart rate following the initial cold water immersion. Heart rate has been shown to decline by 3 to 15%, resulting from an increase in central blood volume expansion and an increase in stroke volume. 5 It is commonly believed that CWI enhances lactate removal through a "flushing" effect. The results of this study do not support that belief, with no influence of CWI on lactate concentrations. It has been suggested that the vasoconstriction resulting from CWI may result in a redistribution of blood flow away from the skin toward the muscle and core. Even though this may or may not occur, there appears to be no effect on lactate concentrations.
Previous research has suggested that CWI may be an effective treatment for muscle damage, 7, 16 through decreasing skin, muscle, and intra-articular temperatures; metabolism; inflammation; blood flow; pain; muscle spasm; and increasing tissue stiffness. Results from the present investigation did not identify changes in markers of muscle damage or inflammation as a consequence of cold water immersion. Creatine kinase, C-reactive protein, IL-6, and TNF- were not affected by cold water immersion. However, as cycling involves predominantly concentric muscle actions, and the athletes in the present investigation were highly trained, the degree of muscle damage would not be expected to be high. In addition, the timing of sampling for these markers may have been unsuitable to observe changes in inflammation as this process may occur beyond a 40-minute postexercise period.
It is often anecdotally reported that cryotherapy may induce alterations in the hormonal milieu. Decreases in catabolic hormones (cortisol) and increases in anabolic hormones (testosterone, growth hormone, IGF-1) are thought to promote faster muscle recovery. The results of this study do not support this suggestion, with no changes observed in any of the endocrine parameters assessed. Previous research has also demonstrated no change in testosterone concentrations in response to cold water stimulation. 17 It was hypothesized that cold water immersion may have had an influence on the stress hormone prolactin, as prolactin concentrations have been associated with core temperature increases while exercising in the heat. 18 However, this was not observed in the acute recovery period in the present investigation, possibly due to the high intersubject variation of this measure. In addition, it should be noted that blood sampling was from the periphery and many of the measured variables may have important autocrine, paracrine, or intracellular functions that may be impacted by local cooling or altered perfusion that may not be reflected accurately from sampling at the periphery.
One of the postulated mechanisms behind physiological changes associated with CWI is related to hydrostatic pressure. While this was not assessed in the current study, hydrostatic pressure can enhance the return of fluid from the muscles into the blood. 5 This is suggested to enhance the removal of metabolic waste thereby enhancing recovery from exercise. 5 However, this was not indirectly observed in the current study where no acute changes in any of the metabolic variables measured were noted.
Subjective reports of heightened recovery are commonly observed following cold water immersion, in particular after exercising in warm or hot conditions. Subjects in the present investigation reported reduced levels of fatigue and soreness and an increased perception of physical and mental recovery following CWI. While we did not incorporate a placebo control and thus a treatment effect cannot be dismissed, athletes commonly report enhanced feelings of alertness following cold water immersion. Cold water immersion and other forms of cryotherapy have strong evidence supporting their analgesic effects following muscle damage and soreness, 6 and this reduced pain sensation may have contributed to the reduced perception of soreness and fatigue. The mechanisms behind this increased perception of recovery require further research attention. The decreased thermal comfort reported during the CWI period is reflective of anecdotal reports of discomfort during CWI. These anecdotal reports are often heightened in lean subjects who possess less muscle and adipose tissue to serve as effective insulation. The subjects in the current study were very lean and this may have contributed to the low ratings of thermal comfort reported. However, at the end of the 40-minute recovery period, thermal comfort had returned to levels not different from CONT.
Practical Significance
The significant reductions in skin and core temperatures observed in the current study may be of particular benefit for athletes who are required to perform more than one bout of exercise in warm or hot environments within a short time frame, or in athletes who have a sufficient break in play/activity (ie, halftime), where rapid cooling may enhance subsequent performance. In this manner, cold water immersion may act as a form of precooling for further exercise/performance. However, this recovery aid may only benefit performance in warm-to-hot environments and during prolonged sporting events. Cold water immersion has been shown to reduce power output and heart rate in cyclists when conducted between two maximal 30-s sprints in thermoneutral conditions, 19 whereas the positive effects of precooling have been observed before longer duration, submaximal exercise in warm-to-hot conditions (for review, see Marino 20 ) .
CWI results in safe and rapid cooling in very lean individuals. The strategy incorporated in the present investigation did not result in an excessive post-CWI decrease in core temperature that could lead to hypothermia and thus can be safely prescribed to healthy individuals. The current findings relate only to predominantly concentric activity over an acute period of time. CWI may result in significant changes following other forms of activity (weight training, running, contact sports, etc) where there is increased eccentric activity or muscle damage through contact or impact.
Conclusions
In summary, cold water immersion resulted in a significant decrease in heart rate and core and skin temperatures in the 40 minutes following cycling in the heat. While cold water immersion has been suggested to enhance recovery by reducing lactate concentrations and altering hormone concentrations, this does not appear to be the cause of the perceived enhanced recovery in this investigation. The cold water immersion protocol used in the present investigation did not result in hypothermia. Finally, cold water immersion may be an effective and safe tool when a reduction in core temperature may be of benefit to subsequent performance or perceptions of fatigue.
